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Water temperature is reported in degree Celsius (°C), which can be converted to degree Fahrenheit (°F) by the following 
equation:   °F = 1.8 (°C) + 32

Hydraulic conductivity and transmissivity :  In this report, hydraulic conductivity is reported in feet per day (ft/d), a mathematical reduction of 

the unit cubic foot per day per square foot [(ft3/d)/ft2].  Transmissivity is reported in feet square per day (ft2/d), a mathematical reduction of the 

unit cubic feet per day per square foot times feet of aquifer thickness ([(ft3/d)/ft2]ft).

Vertical datum :  In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929–a geodetic datum derived from a general 
adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality units :  Chemical concentration is reported in milligrams per liter (mg/L) or micrograms per liter (µg/L).  Milligrams 
per liter is a unit expressing the concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water.  
One thousand micrograms per liter is equivalent to one milligram per liter.  For concentrations less than 7,000 mg/L, the numerical value is the 
same as for concentrations in parts per million.  Specific electrical conductance of water is reported in microsiemens per centimeter at 25 
degrees Celsius (µS/cm). 

Multiply By To obtain

Length

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

Area

acre 4,047 square meter

acre 0.4047 hectare

square mile (mi2) 259.0 hectare

square mile (mi2) 2.590 square kilometer

Volume

gallon (gal) 3.785 liter

gallon (gal) .003785 cubic meter

Velocity

foot per day (ft/d) 0.3048 meter per day

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day

Transmissivity

foot squared per day (ft2/d) 0.09290 meter squared per day

CONVERSION FACTORS, VERTICAL DATUM, AND 
ABBREVIATED WATER-QUALITY UNITS
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Apparent Chlorofluorocarbon Age of Ground Water of the 
Shallow Aquifer System, Naval Weapons Station 
Yorktown, Yorktown, Virginia
By David L. Nelms, George E. Harlow, Jr., and Allen R. Brockman
ABSTRACT

Apparent ages of ground water are useful in 
the analysis of various components of flow sys-
tems, and results of this analysis can be incorpo-
rated into investigations of potential pathways of 
contaminant transport. This report presents the 
results of a study in 1997 by the U.S. Geological 
Survey (USGS), in cooperation with the Naval 
Weapons Station Yorktown, Base Civil Engineer, 
Environmental Directorate, to describe the appar-
ent age of ground water of the shallow aquifer 
system at the Station. Chlorofluorocarbons 
(CFCs), tritium (3H), dissolved gases, stable iso-
topes, and water-quality field properties were mea-
sured in samples from 14 wells and 16 springs on 
the Station in March 1997.

Nitrogen-argon recharge temperatures range 
from 5.9°C to 17.3°C with a median temperature 
of 10.9°C, which indicates that ground-water 
recharge predominantly occurs in the cold months 
of the year. Concentrations of excess air vary 
depending upon geohydrologic setting (recharge 
and discharge areas). Apparent ground-water ages 
using a CFC-based dating technique range from 1 
to 48 years with a median age of 10 years. The 
oldest apparent CFC ages occur in the upper parts 
of the Yorktown-Eastover aquifer, whereas the 
youngest apparent ages occur in the Columbia 
aquifer and the upper parts of the discharge area 
setting, especially springs. The vertical distribu-
tion of apparent CFC ages indicates that ground-
water movement between aquifers is somewhat 
retarded by the leaky confining units, but the 
elapsed time is relatively short (generally less than 
35 years), as evidenced by the presence of CFCs at 
depth. The identification of binary mixtures by 

CFC-based dating indicates that convergence o
flow lines occurs not only at the actual point of 
discharge, but also in the subsurface.

The CFC-based recharge dates are consis
tent with expected 3H concentrations measured in
the water samples from the Station. The concen
tion of 3H in ground water ranges from below the
USGS laboratory minimum reporting limit of 0.3 
to 15.9 tritium units (TU) with a median value of 
10.8 TU. Water-quality field properties are highly
variable for ground water with apparent CFC age
less than 15 years because of geochemical pro-
cesses within local flow systems. Ground water 
with apparent CFC ages greater than 15 years r
resents more stable conditions in subregional flo
systems.

The range of apparent CFC ages is slightl
greater than the ranges in time of travel of groun
water calculated for shallow wells (less than 60-
feet deep) from flow-path analysis. Calculated 
travel times to springs can be up to two orders o
magnitude greater than the CFC-based apparen
ages. Reasonable assumptions of values for 
hydraulic parameters can result in substantial ov
estimates for time of travel to springs.

Recharge rates computed from apparent 
CFC ages range from 0.29 to 0.89 feet per year
yr) with an average value of 0.54 ft/yr. The analy
sis of apparent CFC ages in conjunction with ge
hydrologic data indicates that young water (less
than 50 years) is present at depth (nearly 120 fe
and that both local and subregional flow system
occur in the shallow aquifer system at the Statio
The addition of the dimension of time to the thre
dimensional framework of Brockman and others
(1997) will benefit current (2001) and future rem
diation activities by providing estimates of advec
tive transport rates and how these rates vary 
Abstract   7
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depending upon geohydrologic setting and posi-
tion within the ground-water-flow system. Esti-
mated ground-water apparent ages and recharge 
rates can be used as calibration criteria in simula-
tions of ground-water flow on the Station to refine 
and constrain future ground-water-flow models of 
the shallow aquifer system.

INTRODUCTION

The U.S. Geological Survey (USGS), in cooper-
ation with the Naval Weapons Station Yorktown, York-
town, Va., has been investigating the geohydrology of 
the shallow aquifer system at the 10,624-acre installa-
tion since 1995. Brockman and others (1997) described 
the geohydrology of the shallow aquifer system in 
terms of geologic setting within the Virginia Coastal 
Plain Physiographic Province, aquifer and confining 
units, and conceptual ground-water flow. The produc-
tion, maintenance, storage, and research and develop-
ment of ordnance for the U.S. Navy have been the 
primary mission of the Station since its establishment 
in 1918. The Station is in an area steeped in historical 
American events. Not only are the mission of the Sta-
tion and the local history unique, but the geology and 
subsequent geohydrology also are unique. Dissolution 
and erosion of calcareous sediments underlying the 
Station have formed numerous slump and subsidence 
features. The relations between ground-water age, 
chemistry, and flow have contributed to the formation 
of these unique geomorphic features, which have in 
turn affected the rich history of the area since colonial 
times (Brockman and others, 1997).

Estimates of apparent age of ground water are 
valuable for understanding and conceptualizing flow 
systems and can be used to refine the conceptualization 
of the geohydrology of the Station presented in Brock-
man and others (1997). Determination of apparent ages 
of ground water also can aid in the definition of poten-
tial pathways of contaminant transport on and near the 
Station and can be used in the calibration and sensitiv-
ity analyses of ground-water-flow models of the aqui-
fers underlying the Station.

Ground-water dating frequently has been used to 
aid in the interpretation of ground-water systems in the 
Coastal Plain Physiographic Province of Virginia. For 
example, ground-water dating was used (1) to define 
steady-state conditions and occurrence of selected con-
taminants in the Delmarva Peninsula (Busenberg and 

Plummer, 1992; Dunkle and others, 1993; Speiran, 
1996); (2) to determine ground-water age distribution
in other parts of the Virginia Coastal Plain (Nelms an
Ahlin, 1993; McFarland, 1997; Nelms and Brockman
1997); and (3) to determine ground-water residence 
times from spring samples, as part of the USGS Che
peake Bay Ecosystem project (Focazio, 1997; Focazio 
and others, 1998). This study at the Station uses a s
lar approach as the other studies in Virginia by using
apparent ages of ground water to improve the conce
tualization of ground-water flow.

Purpose and Scope

The purpose of this report is to describe the 
apparent chlorofluorocarbon (CFC) age of ground 
water in the shallow aquifer system on the Station an
to refine the conceptualization of ground-water flow. 
The report presents the data and findings of a 1-yea
study that involved the use of environmental tracers 
and isotopes to estimate and confirm the apparent C
ages of ground water. The report (1) defines the app
ent CFC age of ground water in the shallow aquifer 
system, (2) compares apparent CFC ages with wate
quality field properties and calculated times of travel,
and (3) presents estimates of ground-water recharge
rates. Water samples were collected in March 1997 
from 14 existing observation wells installed by the 
USGS (Brockman and others, 1997) and from 16 na
ral springs located throughout the Station. Apparent 
CFC ages, dissolved gas and stable isotope compos
tion of ground water, and water-quality field propertie
were determined from the 30 ground-water samples.

Description of Study Area

The study area consists of the Naval Weapons
Station Yorktown, which encompasses parts of York 
and James City Counties and the City of Newport 
News, Va. (fig. 1). The Station is located on the York-
James Peninsula and within the Atlantic Coastal Pla
Physiographic Province of Virginia (Fenneman, 1938
An eastward thickening wedge of unconsolidated se
ments characterizes the Coastal Plain in Virginia, 
which extends eastward from the Fall Line to the 
Atlantic Ocean. The Fall Line marks the boundary 
between the Coastal Plain and Piedmont Physiograp
8    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, V irginia
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Figure 1.   Location and geomorphic features of the Naval Weapons Station Yorktown (study area), 
Virginia, and adjacent area, Yorktown, Virginia.
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Provinces and is approximately 50 mi west of the 
Station.

Another prominent feature of the Virginia 
Coastal Plain is a series of terraces that occur at differ-
ent elevations and are bounded by scarps cut by shore-
line erosion (Johnson and others, 1993a). The Naval 
Weapons Station Yorktown is divided into two terraces 
(fig. 1)—the Lackey Plain and the Croaker flat (Brock-
man and others, 1997). The Lackey Plain (Johnson, 
1972) occupies the largest area and the highest eleva-
tions of the Station. The Croaker flat is a low-lying ter-
race located along the base of the Camp Peary scarp 
along the York River, where coarse to very coarse 
grained sediments occur at land surface. The terraces 
are highly dissected by steep valleys formed by stream 
erosion and ground-water sapping. These terraces and 
valleys have a major effect on the shallow ground-
water-flow system of the Station.

Geohydrologic Setting

The shallow aquifer system at the Station con-
sists of five geohydrologic units that overlay the East-
over-Calvert confining unit: (1) the Columbia aquifer, 
(2) the Cornwallis Cave confining unit, (3) the Corn-
wallis Cave aquifer, (4) the Yorktown confining unit, 
and (5) the Yorktown-Eastover aquifer (fig. 2). All of 
the geohydrologic units are present beneath the Lackey 
Plain; the Cornwallis Cave confining unit and aquifer, 
however, are truncated by the Camp Peary scarp and 
are not present beneath the Croaker flat. The top of the 
Eastover-Calvert confining unit defines the base of the 
shallow aquifer system at the Station.

The Columbia aquifer consists of very fine to 
very coarse grained sands, silty to clayey sand, or 
sandy clay, and ranges in saturated thickness from 5 to 
more than 20 ft, seasonally. The Cornwallis Cave con-
fining unit underlies the Columbia aquifer beneath the 
Lackey Plain and consists of clay, sandy or silty clay, or 
clayey silt that can be from less than 5- to more than 
20-ft thick. The Cornwallis Cave aquifer consists of 
shell hash, coquina, clay, or silt; clayey or sandy shell 
hash; very fine to medium grained sand; or shelly clay, 
and ranges in thickness from less than 5 to more than 
60 ft. The Yorktown confining unit consists of clay, 
clayey silt, sandy clay, or silty clay with or without 
shell hash or sand stringers that can be from less than 
5- to more than 30-ft thick. The Yorktown-Eastover 
aquifer occurs throughout the Station and consists of 
very fine to coarse grained sand, silty sand, silt, or 

sandy clay with or without some conglomerate, clay,
and shell hash. The Yorktown-Eastover aquifer range
in thickness from less than 60 to more than 100 ft. T
Eastover-Calvert confining unit consists of silt, clay, 
and fine-grained sediments and generally is more th
150-ft thick across the Station. A more detailed 
description of the various geohydrologic units is pre-
sented in Brockman and others (1997).

Although the relation between the geomorphol
ogy (terraces and steep valleys) and geohydrology is
complex, Brockman and others (1997) identified two
primary geohydrologic settings on the Station (fig. 3)

Recharge area setting, where the Columbia aqui-
fer is saturated and unconfined, and the Cornwallis 
Cave and Yorktown-Eastover aquifers are saturated a
confined. These areas usually are topographically el
vated and flat with minimal stream dissection. Uplan
wetland areas are scattered about the higher elevatio
of the Station and are in hydraulic contact with the 
Columbia aquifer. Fluctuations in water levels and 
ground-water temperatures are more pronounced in 
Columbia aquifer and become progressively more su
dued in the deeper aquifers. Ground-water flow tend
to be directed downward in response to steep vertica
hydraulic gradients between aquifers.

Discharge area setting, where sediments of the 
Columbia aquifer are unsaturated, but sediments of t
Cornwallis Cave and Yorktown-Eastover aquifers are
saturated. The Cornwallis Cave aquifer usually is 
unconfined and the Yorktown-Eastover aquifer gener
ally is confined, but also can be unconfined. These 
areas are highly dissected with numerous springs an
seeps, which are the primary discharge mechanisms
along with direct ground-water flow to streams. Field
reconnaissance indicates that occurrence of springs
strongly controlled by macropore processes such as
ground-water flow along tree roots and rootlets, and 
dissolution, piping, and/or winnowing of shell materia
in the Cornwallis Cave aquifer. Seeps and springs no
mally occur at or slightly above (generally less than 
5 ft) the stream and seldom occur up the sides of the
valleys. Fluctuations in water levels and ground-wate
temperatures are more subdued than in the recharge
area setting. Ground-water flow tends to be either 
downward or upward depending on the direction of 
vertical hydraulic gradients between aquifers; these 
gradients usually are low (less than 0.2 foot per foot)

The designation of recharge and discharge are
by Brockman and others (1997) is consistent with the
geohydrologic framework and conceptual model of th
10    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia



Introduction 11

System Series Geologic unit
Geohydrologic unit

Miocene

Pliocene

Pleistocene

Holocene

Q
ua

te
rn

ar
y

Te
rt

ia
ry

C
he

sa
pe

ak
e 

G
ro

up

Yo
rk

to
w

n 
F

or
m

at
io

n
E

as
to

ve
r

F
or

m
at

io
n

Yo
rk

 C
ou

nt
y 

sh
al

lo
w

 a
qu

ife
r 

sy
st

em

Alluvial and marsh deposits

Windsor Formation

Chuckatuck Formation
Shirley Formation

Bacon’s Castle Formation

Sedley Formation

Moore House
Member

Morgarts Beach
Member

Rushmere Member

Sunken Meadow
Member

Cobham Bay
Member

Claremont Manor
Member

St. Marys
Formation

Calvert Formation

Eastover-Calvert
confining unit

Yorktown-Eastover
aquifer

Yorktown
confining

unit

Cornwallis Cave
confining unit

Yorktown-
Eastover
aquifer

Yorktown
confining

unit

Yorktown
confining unit

Cornwallis
Cave aquifer

Lackey Plain
Croaker

flat

Columbia
aquifer

Columbia
aquifer

Columbia
aquifer

Figure 2.  Relation between geologic and geohydrologic units at the Naval Weapons Station Yorktown, Virginia. 
Modified from Brockman and others (1997).
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Figure 3.   Geohydrologic section showing conceptualized ground-water flow at the Naval Weapons Station Yorktown, 
Virginia. Modified from Brockman and others (1997).
ground-water-flow system presented in their report, but 
this designation does not imply that only one of these 
flow processes occurs in these areas. For example, the 
discharge area setting occupies a large part of the study 
area; recharge processes, however, can and do occur in 
this setting. Furthermore, these two settings are present 
beneath the Croaker flat, but the sediments and unique 
features of the Cornwallis Cave aquifer are absent.

Conceptual Model of Ground-Water Flow

Brockman and others (1997) developed a con-
ceptual model of ground-water flow in the shallow 
aquifer system at the Station (fig. 3). The model is 
based on a synthesis of geohydrologic and field recon-

naissance data collected during their study, prelimina
analysis of apparent age determinations (Nelms, 199
and previous investigations in neighboring York 
County (Brockman and Richardson, 1992; Richardso
and Brockman, 1992). The shallow aquifer system is
recharged by infiltration of precipitation and by leakag
of precipitation through the confining units into the 
underlying aquifers. A majority of the recharge origi-
nates from on the Station or nearby adjacent areas. 
Ranges of vertical hydraulic conductivity for the aqui
fers and confining units are comparable (table 1); the
confining unit thicknesses generally are 8 and 14 ft f
the Cornwallis Cave and Yorktown confining units, 
respectively. The steep vertical hydraulic gradients 
between aquifers combined with the leaky and thin 
12    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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Geohydrologic
unit

Number of 
analyses

Range
(feet per day)

Median
 (feet per day)

Vertical hydraulic conductivity

Columbia aquifer 5 1.7x10-4-1.7x10-1 7.1x10-2

Cornwallis Cave confining unit 5 3.1x10-5-1.4x10-2 2.6x10-3

Cornwallis Cave aquifer 12 6.2x10-4-2.4x10-1 4.2x10-2

Yorktown confining unit 6 1.3x10-5-7.4x10-3 1.2x10-4

Yorktown-Eastover aquifer 27 4.0x10-6-4.8x10-1 1.8x10-3

Eastover-Calvert confining unit 11 6.0x10-6-4.3x10-4 8.5x10-5

Horizontal hydraulic conductivity

Columbia aquifer 4 0.4-8 0.7

Cornwallis Cave aquifer 6 .3-9 4.5

Yorktown-Eastover aquifer 13 .02-.5 .1

Table 1.  Ranges and median values for vertical and horizontal hydraulic conductivity 
by geohydrologic unit at the Naval Weapons Station Yorktown, Virginia

[Data from Brockman and others (1997)]
confining units allow for relatively rapid vertical move-
ment of ground water. The low vertical hydraulic con-
ductivity (table 1) and large thickness of the Eastover-
Calvert confining unit isolates the shallow aquifer sys-
tem from the deeper regional aquifer systems underly-
ing the Station (Brockman and others, 1997). The 
vertical isolation of the shallow aquifer system contrib-
utes to the development of local and subregional flow 
paths. Ground water flows from the point of recharge to 
seeps, springs, and streams located in the highly dis-
sected valleys and estuaries and to the deeply incised 
York River (incised approximately 60 ft). The rela-
tively shallow incisement (generally less than 30 ft) of 
the James River to the south creates a different hydro-
logic response in the shallow aquifer system than does 
the York River as evidenced by differences in hydraulic 
gradients determined by Brockman and others (1997).

Geomorphic Features

Stream morphology is strongly affected by the 
geohydrologic units with stream density increasing as 
permeability of the underlying unit decreases. Streams 
tend to be deeply incised and limited to a single stream 
channel in areas underlain by the Cornwallis Cave 
aquifer. A common feature in the outcrop areas of this 
aquifer is the presence and formation of travertine and 
calcareous tufa deposits, which form by precipitation 

of carbonate minerals as ground water discharges to 
streams. These deposits normally occur in the upper
parts of the Cornwallis Cave aquifer and occasionally
form a stair-like pattern of small waterfalls along the 
longitudinal axis of the stream. Old travertine deposi
occur at altitudes above the present-day surface of t
water table, which may indicate that the water table 
was higher in the past in response to climatic 
conditions or changes in sea level. Another possibilit
is that the water table was lowered locally by the 
creation of preferred pathways or conduits for ground
water flow because of changes in the aquifer matrix 
chemical and/or physical processes.

Areas underlain by the Yorktown confining unit 
have streams with poorly defined and shallow 
channels, increased stream density, and broad flood
plains. Streams often are braided and flow over 
organic-rich alluvial deposits that generally are less 
than a few feet thick. Seeps at the base of the 
Cornwallis Cave aquifer are readily identified by the 
occurrence of iron deposits along the margins of the
broad flood plains. Discharge from the Yorktown-
Eastover aquifer is difficult to identify because it 
occurs in areas along the tidal marshes of Felgates a
King Creeks and in the York River.

Another feature frequently encountered on the 
Station (predominantly in areas where the Cornwallis
Introduction   13
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Cave aquifer crops out) is the apparent loss of flow 
along short segments (generally less than 50 ft in 
length) of a stream. Streams often disappear into the 
streambank and re-emerge downstream; these segments 
easily could be misinterpreted as a spring (fig. 4). 
Fissures form along the streambanks, and slope creep 
develops on the valley walls under which the stream is 
flowing. Stoping and ground-water sapping (erosion) 
combine to undercut the valley walls resulting in slope 
instability, which frequently results in rotated and 
deformed trees.

Numerous subsidence sinkholes or collapse fea-
tures dot the landscape of the Lackey Plain on the Sta-
tion. The upland wetland areas usually develop in low 
relief sinkholes or coalescing collapse features (G.H. 
Johnson, College of William and Mary, oral commun., 
1996). In the discharge area setting, sinkholes or col-
lapse features frequently occur at the heads of streams 
(fig. 4). Relief on many of these sinkholes can be up to 
15 ft, and their formation usually is limited to areas 
underlain by the Cornwallis Cave aquifer. Evidently, 
stoping or undercutting processes erode the interstitial 
shell material of the Cornwallis Cave aquifer; void 
spaces are created that eventually collapse under the 
weight of the overlying material. The deposition of 
shell material and sand that commonly occurs as 
springs discharge from the Cornwallis Cave aquifer 
supports the idea of sediment erosion. The relation 
between sediment removal and dissolution of shell 
material is not well understood. The formation of sub-
sidence sinkholes, however, may be initiated by the dis-
solution of shell material that creates voids or openings 
in the aquifer that probably resemble the structure of a 
honeycomb. Preferential ground-water flow along these 
dissolution openings could develop sufficient velocity 
to transport sediment. Johnson and others (1987; 
1993b) provide further information on the origin, dis-
tribution and evolution of subsidence sinkholes in the 
Coastal Plain of southeastern Virginia.

Climate

Climatic data for the Station were obtained from 
the National Weather Service station 449151 located 
near Williamsburg, Va. The period of record is 46 years 
for temperature data and 51 years for precipitation data 
at this station. The normal values are based on the 
National Weather Service’s current normal climatologi-
cal period from 1961 to 1990. The mean annual air 
temperature is 14.6° C with the colder periods of the 

year between November and March and the warmer
periods between April and October (fig. 5). The colde
month is January (2.9°C) and the warmest is July 
(25.3°C). Precipitation is evenly distributed throughou
the year with an average annual value of 47.08 in/yr 
(fig. 5). Precipitation in an average year would be hig
est in July, 4.96 in., and lowest in April, 3.01 in.

SAMPLING AND ANALYTICAL METHODS

Samples for analysis of CFCs were collected in
March 1997 from 14 observation wells installed by th
USGS (Brockman and others, 1997) and from 16 
springs located on the Station (fig. 6). The wells were
constructed of 4-in.-inside-diameter polyvinyl chloride
(PVC) with screen lengths ranging from 4 ft for the 
wells finished in the Columbia and Cornwallis Cave 
aquifers to 9.5 ft for the wells finished in the Yorktown
Eastover aquifer. Surface casings and bentonite grou
were installed in wells completed in the Cornwallis 
Cave and Yorktown-Eastover aquifers to prevent leak
age of water from the overlying aquifer. Wells were 
purged prior to sample collection using either a Grun
fos Redi-Flo 2 or a Bennett submersible pump. Wate
quality field properties (pH, specific conductance, tem
perature, and dissolved oxygen) and water levels we
monitored continuously during purging and sampling
Specific conductance and pH were monitored in a 
flow-through chamber, whereas dissolved oxygen an
temperature were measured downhole within the 
screened interval. Water-level measurements were 
made with an electric tape. A minimum of three well 
volumes was removed during purging with the Grund
fos Redi-Flo 2, and then samples were collected with
the Bennett pump after stabilization of the field prope
ties. The criteria used to define the stabilization of fie
properties are shown in table 2.

The springs sampled during this investigation a
naturally occurring with no construction improve-
ments. Water samples were collected from springs 
using a Bennett pump after monitoring the water-qua
ity field properties until measurements stabilized. In 
most cases, the pump was placed directly into the 
spring; springs with shallow discharge pools, howeve
required the temporary installation of a 2-in.-inside-
diameter PVC screen to a maximum depth of 2 ft. Th
pump was placed inside the screen and field propert
were monitored directly in the discharge pool. Perti-
nent site information, water-quality field properties, 
14    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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Slope creep
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Cornwallis Cave aquifer
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W
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Figure 4.   Dry stream segment (A) and collapse feature development uphill of spring (B) at 
the Naval Weapons Station Yorktown, Virginia.
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Water-quality
field property

Measurement
accuracy 1 Stability criteria 2

pH ± 0.01 units 0.1 units/min

Specific conductance ± 2.5 µS/cm 0.5 (µS/cm)/min for <500 µS/cm

± 5.0 µS/cm 1.0 (µS/cm)/min for 500-1000 µS/cm

Temperature ± 0.1°C 0.02°C/min

Dissolved oxygen ± 0.3 mg/L 0.03 (mg/L)/min

1From Beckman Instruments, Inc. (1992) and Yellow Springs Instruments, Inc. (1996)
2From Gibs and Imbrigiotta (1990)

Table 2.  Measurement accuracy and stability criteria for water-quality field properties 
during purging

[µS/cm, microsiemens per centimeter; °C, degrees Celsius; mg/L, milligrams per liter; min, minutes; 
<, less than]
and isotopic data for the wells and springs sampled in 
March 1997 also are presented in appendixes 1 and 2.

Samples for CFC analysis were collected 
through a 0.25-in copper tubing connected to the Ben-
nett pump. The samples were flame-sealed in 62-mL 
borosilicate-glass ampoules using a special apparatus 
developed by Busenberg and Plummer (1992) that pre-
vents the water sample from contacting the air. The 
introduction of air from the time of sampling into the 
sample could cause erroneous estimates of apparent 
ground-water age. Five sequential duplicate samples 
were collected from each well. The samples were ana-
lyzed by purge-and-trap gas chromatography with an 
electron-capture detector in the USGS CFC laboratory 
in Reston, Va. (Busenberg and Plummer, 1992). The 
detection limit for the CFCs is less than 1 pg/kg (pico-
gram per kilogram), which is equivalent to less than 1 
part per quadrillion (Plummer and Friedman, 1999).

Samples for dissolved gas analysis were col-
lected by filling a 160-mL glass bottle without aerating 
the sample through a discharge line from the Bennett 
pump. The 160-mL bottle was submerged in a 7.5-L 
container filled with water from the well or spring. The 
sample was then sealed in the 160-mL bottle with a 
rubber stopper that had a hypodermic needle inserted. 
The needle was removed from the stopper while the 
bottle was submerged to prevent gas exchange between 
the sample and atmospheric air (M.W. Doughten, U.S. 
Geological Survey, written commun., 1997). Two 
sequential duplicate samples were collected at each 
well and spring where CFC samples were collected. 
The samples were analyzed by gas chromatography in 
the USGS dissolved gas laboratory in Reston, Va. 
(Busenberg and others, 1993). Dissolved gas concen-

trations for nitrogen, argon, oxygen, carbon dioxide, 
and methane were determined (appendixes 1 and 2)

Samples for tritium (3H) analysis were collected 
in a 1-L glass bottle capped with a polycone seal. A 
small headspace was left in the bottle to prevent bott
breakage as a result of expansion of the water upon
warming. Following procedures modified from 
Thatcher and others (1977), the samples were enrich
electrolytically and analyzed by liquid scintillation 
counting in the USGS low-level 3H laboratory in 
Menlo Park, Calif. Samples for 3H analysis were col-
lected at each well and spring where CFC samples 
were collected (appendixes 1 and 2).

Additional samples were collected at each site 
for oxygen and hydrogen isotopic analyses to assist 
the interpretation of the CFC, dissolved gas, and 3H 
analyses. Samples for the determination of stable iso
tope ratios were collected in 60-mL glass bottles. Th
samples were analyzed for oxygen-isotopic ratio by t
carbon dioxide (CO2)-equilibration technique of 
Epstein and Mayeda (1953) and for hydrogen-isotop
ratio by the hydrogen equilibration technique of Cople
and others (1991) in the USGS stable isotope labor-
atory in Reston, Va. The results of the stable isotope
analyses (appendixes 1 and 2) are reported in per m
(parts per thousand or ‰) deviation from the Vienna
Standard Mean Ocean Water (VSMOW) with a 2-
sigma uncertainty of 0.2 per mil and 2 per mil for oxy
gen- and hydrogen-isotopic ratios, respectively (T.B.
Coplen, U.S. Geological Survey, written commun., 
1997).
18    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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ESTIMATION OF RECHARGE 
TEMPERATURE

Recharge temperature is defined as the tempera-
ture of ground water when isolated from air in the 
unsaturated zone. The dissolved concentrations of 
nitrogen (N2) and argon (Ar) measured in water sam-
ples can be used to determine the temperature at 
recharge. Air-water equilibrium processes that are 
dependent upon pressure and temperature (Heaton, 
1981; Dunkle and others, 1993) fix the concentrations 
of N2 and Ar in waters recharging the ground-water 
system. Recharge temperature can be calculated from 
these concentrations because the recharge water is 
approximately at atmospheric pressure. A graphical 
representation of the estimation of recharge tempera-
ture from the dissolved N2 and Ar gas concentrations is 
shown in figure 7 for the 30 ground-water samples 
from the Station (appendixes 1 and 2). The recharge 
temperature is determined by projecting from the locus 
of any sample to the temperature axis (water-air equi-
librium) along a line parallel to the temperature lines in 
figure 7. Busenberg and others (1993) provide a more 
detailed explanation of the estimation of recharge tem-
perature.

The N2-Ar recharge temperatures for the 30 
ground-water samples collected in March 1997 range 
from 5.9°C to 17.3°C with a median temperature of 
10.9°C (table 3). Uncertainty in the estimation of N2-
Ar recharge temperatures is ±1.0°C (L.N. Plummer, 
U.S. Geological Survey, oral commun., 2001). Esti-

mated N2-Ar recharge temperatures for 28 of the 30 
ground-water samples were colder than the mean 
annual air temperature of 14.6° C, which indicates 
recharge predominantly occurs in the colder months 
the year when plants are dormant and evapotranspir
tion is minimal. Although precipitation generally is 
highest in the summer months, dissolved gas concen
trations indicate that only a small percentage of this 
rainfall recharges the ground-water system.

Dissolved concentrations of N2
 and Ar can also 

be used to determine the amount of excess air in 
ground water (Heaton and Vogel, 1981). Excess air i
defined as air in the unsaturated zone that is in exce
of solubility equilibrium (Plummer and Busenberg, 
1999). As the water table rises, excess air is entraine
in ground water and is eventually dissolved by increa
ing hydrostatic pressures with depth. The presence o
excess air will cause the sample to plot to the right 
(higher concentration of gases than expected) of the
water-air equilibrium line along a given temperature 
line (fig. 7). Plummer and Busenberg (1999) reported
that excess air in ground water typically is less than 
6 cm3/L (cubic centimeters per liter).

Nelms (1997) noted that excess air concentra-
tions vary depending upon geohydrologic setting. Th
highest concentrations of excess air occur in water 
samples from wells located in the recharge area sett
of the Station, where seasonal water-level fluctuation
are large (table 3). Excess air increases as the satur
thickness above the screened interval increases. Low
excess air concentrations are characteristic of wells a
springs located in the discharge area setting where s
sonal water-level fluctuations are more subdued and
saturated thicknesses are less than in the recharge a
setting.

Temperature differentials can be used to indica
relative ground-water flow paths on the Station. Com
parisons of ground-water and recharge temperatures
mean annual air temperature indicate that recharge a
ground-water temperatures usually were colder than
mean annual air temperature (fig. 8), which indicates
short and shallow flow paths for water discharging to
springs. If the ground water had flowed deeper, the 
measured water temperatures of the springs should 
warmer. Water from wells has followed deeper flow 
paths. Variations in seasonal ground-water tempera-
tures generally are less than 1°C in the discharge ar
setting, and the warmest temperatures occur in the l
winter and early spring months (Brockman and other
Estimation of Recharge Temperature   19
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Figure 7.   Dissolved nitrogen and argon compositions of ground water and estimates of recharge temperature 
at the Naval Weapons Station Yorktown, Virginia, March 1997.
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Sample
location

Number
 of sites

Recharge
temperature

(°C)

Excess
air

(cm 3/L)
Nitrogen Argon Oxygen

Carbon
dioxide

Methane

Columbia aquifer
6

9.3-13.0
(10.3)

1.1-3.4
(2.2) 

18.1-20.8
(20.3) 

0.660-0.736
(0.720) 

0.1-2.9
(1.2) 

42.6-132.3
(85.7) 

0.00-0.00
(0.00)

Cornwallis Cave
confining unit 3 8.7-10.5

-0.2-2.1
17.9-20.7 .681-.743 1.6-6.0 37.4-61.1 .00-.01

Cornwallis Cave
aquifer 16

5.9-17.1
(11.5)

-.8-4.6
(.6) 

15.9-22.5
(18.5) 

.591-.767
(.689) 

.0-7.0
(2.8) 

4.5-199.6
(47.1)

.00-.01
(.00)

Yorktown-Eastover
aquifer 5

8.4-17.3
(13.5) 

.2-3.8
(3.1) 

16.9-22.2
(19.5)

.631-.770
(.662) 

.0-5.9
(.0) 

12.4-32.2
(20.8) 

.00-.02
(.00)

Wells
14

8.4-17.3
(12.2)

-.1-4.6
(2.9)

16.9-22.5
(20.3) 

.631-.770
(.707) 

.0-5.9
(.1) 

9.6-199.6
(24.8) 

.00-.02
(.00)

Springs
16

5.9-17.1
(10.4)

-.8-4.6
(.6) 

15.9-21.2
(18.5) 

.591-.767
(.691) 

.1-7.0
(2.9) 

4.5-94.0
(52.2) 

.00-.01
(.00)

Recharge area
setting 8

8.4-13.9
(10.9)

1.1-4.6
(3.3)

18.1-22.5
(21.0) 

.660-.770
(.715) 

.0-2.9
(.1) 

9.6-132.3
(23.8) 

.00-.02
(.00)

Discharge area
setting 22

5.9-17.3
(11.0)

-.8-4.6
(.6) 

15.9-22.5
(18.5) 

.591-.767
(.684)

.0-7.0
(2.8)

4.5-199.6
(43.9)

.00-.01
(.00)

Shallow aquifer
system 30

5.9-17.3
(10.9)

-.8-4.6
(1.3)

15.9-22.5
(19.1) 

.591-.770
(.696) 

.0-7.0
(2.0) 

4.5-199.6
(41.4) 

.00-.02
(.00)

Table 3.   Range and median values for dissolved-gas compositions of ground water and for estimates of recharge temperature 
at the Naval Weapons Station Yorktown, Virginia, March 1997 

[Gas concentrations are in milligrams per liter. Median values in parenthesis if sufficient number of sites (at least 5) available to calculate. °C, degrees 
Celsius; cm3/L, cubic centimeters per liter]
1997). The temperature differentials depicted on figure 
8 represent minimums because sampling occurred in 
March, during the period when ground-water tempera-
tures are the warmest. The springs with water tempera-
tures warmer than mean annual air temperature (fig. 8) 
have a large percentage of their drainage areas in the 
urbanized sections of the Station. The effect of urban 
land use on recharge and ground-water temperatures is 
not well understood. Heat retention by pavement and 
buildings or leaking water and sewer lines could con-
tribute to these temperature differentials.

The temperature differentials for wells and 
springs indicate that recharge predominantly occurs in 
the colder months of the year. Ground water, however, 
equilibrates with the temperature of the aquifer mate-
rial as it moves deeper in the flow system (Mazor, 
1991), which explains the positive temperature differ-
entials between ground-water and mean annual air tem-
peratures. Ground-water temperatures varied by 3°C 
seasonally in the Columbia aquifer and usually varied 
less than 1°C in the deeper aquifers beneath the 
recharge area setting of the Station (Brockman and oth-
ers, 1997).

The stable isotopes of oxygen and hydrogen—
expressed as δ18O and δD—can be used to trace the 
origin and movement of local ground water (Mazor, 
1991). Compositions of the stable isotopes in ground
water (fig. 9) at the Station tend to parallel the global
meteoric water line (Craig, 1961). The δ18O values 
range from -7.2 to -5.5 ‰ and δD values range from 
-41.2 to -29.7‰. Deuterium excess (d) is a measure of 
the local shift from the global meteoric water line and
is defined as d = δD – 8δ18O (Clark and Fritz, 1997). 
Values of d range from 13.3 to 16.8‰ with a median 
value of 14.8‰ for the Station. These d values are 
indicative of late winter to early spring recharge 
(Dunkle and others, 1993). The estimate of recharge
season based on stable isotope data yields results c
sistent with the estimates of recharge temperature 
based on dissolved gas analyses.

APPARENT CHLOROFLUOROCARBON 
AGE OF GROUND WATER

Estimates of the apparent age of ground water
aid in the conceptualization and subsequent evaluati
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of ground-water-flow systems. Ground-water velocities 
and recharge rates can be estimated using the apparent 
ground-water ages. Two types of transient environmen-
tal tracers—CFCs and 3H—were used in the determi-
nation of apparent age of ground water at the Station. 
The CFC-based dating technique (Busenberg and 
Plummer, 1992) was the primary method for dating 
ground water in this study; the concentration of 3H in 
the water was used to confirm the CFC-based apparent 
age determinations.

Dating Methods

Chlorofluorocarbons (CFCs) are stable synthetic 
organic compounds that were first manufactured in the 
1930's and used as refrigerants, aerosol propellants, 
cleaning agents, solvents, and blowing agents in the 
production of foam rubber and plastics (Busenberg and 
Plummer, 1992). CFCs eventually are released to the 
atmosphere and hydrosphere, where concentrations 
have increased over time. Depletion of the Earth's 
ozone layer has been attributed to the rapid atmo-
spheric accumulation of these compounds (Molina and 
Rowland, 1974). The most widely used CFCs are 
trichlorofluoromethane (CCl3F, CFC-11, Freon 11), 
dichlorodifluoromethane (CCl2F2, CFC-12, Freon 12), 
and trichlorotrifluoroethane (C2Cl3F3, CFC-113). CFC-
11 and CFC-12 made up 77 percent of total global pro-
duction of CFCs (Derra, 1990). Busenberg and Plum-
mer (1992) developed a method for dating ground 
water using concentrations of these major CFCs.

Atmospheric partial pressures of CFCs that were 
in equilibrium with the measured concentrations of 
CFCs in the ground-water samples are determined by 
Henry's law from the N2-Ar recharge temperature esti-
mates. The calculated equilibrium partial pressures are 
compared to the atmospheric mixing ratios of CFCs 
(fig. 10) to determine the apparent CFC recharge date, 
which equates to the time that the tracer (CFCs) was 
isolated from air/soil gas in the unsaturated zone at the 
water table. The apparent CFC age is the difference 
between the date of sample collection and the apparent 
CFC recharge date.

The term “apparent CFC age,” as defined by 
Szabo and others (1996) and Plummer and Busenberg 
(1999), is used throughout this report to qualify the 
ground-water age determinations. “Apparent age” is 
used because ground-water samples usually represent a 
mixture of waters of varying ages, whereas the dating 

method developed by Busenberg and Plummer (199
is based on the simplifying assumption of piston or 
plug flow, which presumes that the tracer (CFCs) is 
transported as a plug through the aquifer with no dis
persive mixing in the direction of flow. “Apparent CFC
age” is used because the age determinations are ba
on the time since the CFCs were equilibrated with 
recharge entering the ground-water system. Because
chemical and physical processes can affect the trans
port of CFCs through the unsaturated zone and into t
ground water, the apparent CFC age may not equate
the actual travel time of the water (Plummer and 
Busenberg, 1999).

Tritium (3H) is the radioactive isotope of hydro-
gen with a half-life of 12.43 years (International 
Atomic Energy Agency, 1981) and is an indicator of 
ground water recharged since 1952 (Clark and Fritz,
1997). Production of 3H in the atmosphere naturally 
occurs by cosmic ray spallation, but the principal 
source of 3H since about 1952 was the atmospheric 
testing of thermonuclear weapons. The standard unit
measure for 3H is a tritium unit (TU) for which one TU 
is equivalent to one 3H atom per 1018 atoms of hydro-
gen or, in terms of radioactivity, 3.2 picocuries per lite
(Clark and Fritz, 1997). Tritium content in precipitation
in the northern hemisphere reflects world events duri
the Cold War years with a maximum concentration 
occurring in 1963, commonly referred to as the “bom
peak” (fig. 10). Atmospheric concentrations gradually
have declined since 1963 and present-day ground wa
typically contains less than 1 to 10 TU, seldom excee
ing 50 TU (Clark and Fritz, 1997). 

Apparent Age of Ground Water Based on 
Chlorofluorocarbons

The presence of CFCs in water from the 30 site
sampled in March 1997 (table 4) indicates that at lea
some parts of the shallow aquifer system on the Stat
contain ground water that is younger than 50 years. 
CFC apparent ages range from 1 to 48 years with a 
median age of 10 years (fig. 11). The oldest apparen
ages occur in the upper parts of the Yorktown-Eastov
aquifer, whereas the youngest apparent ages occur 
samples from the Columbia and Cornwallis Cave aqu
fers, and in the discharge area setting, especially in 
springs, where apparent CFC ages range from 1 to 1
years. Ground water in the recharge area setting has
wide distribution of apparent CFC ages (6 to 48 year
24    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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Figure 10.   Atmospheric mixing ratios of chlorofluorocarbon-11 (CFC-11), chlorofluorocarbon-12 (CFC-12), and 
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which is expected because of steep, downward vertical 
hydraulic gradients between aquifers. Although the 
range in apparent ages (1 to 44 years) for samples from 
the discharge area setting is similar to the range for the 
recharge area setting, nearly 75 percent of the samples 
from the discharge area setting contain water that was 
recharged since 1987.

The predominance of young apparent CFC ages 
(less than 10 years) for the samples in the discharge 
area setting is a function of site selection and time of 
sampling. Most of the sites (11 out of 15) in the dis-
charge area setting for which apparent CFC ages could 
be determined were springs. In addition, the time of 
sampling coincided with the seasonal high in water lev-
els for the shallow aquifer system. One would expect 
the apparent ages to be young because the dissolved 
gas data suggest shallow flow of late winter/early 
spring recharge from areas intermediate of the recharge 
area setting. The intermittent occurrence and flow of 
many of the springs sampled during this investigation 
further imply that apparent ages should be young.

Patterns in the spatial distribution of apparent 
CFC ages are not readily apparent (fig. 12). The mos
obvious pattern is the relatively young apparent ages
determined for the samples from the springs located
throughout the Station. Similar apparent CFC ages 
have been determined for springs sampled in Coloni
National Historic Park, which is adjacent to the Statio
(Focazio and others, 1998). The simplifying assump-
tion of piston flow for CFC-based dating is valid for th
samples from springs on and near the Station. The d
charge from springs, therefore, probably represents 
horizontal convergence of flow lines that contain youn
waters recharged at approximately the same time. T
resolution of the CFC dating method precludes ident
cation of these waters as mixtures. The results from 
CFC-based dating, however, support the concept of 
local flow systems within the shallow aquifer system 
proposed by Brockman and others (1997).
Apparent Chlorofluorocarbon Age of Ground Water   25
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APPARENT CFC AGE, IN YEARS 
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EXPLANATION

APPARENT CFC AGE FOR INDIVIDUAL 
SAMPLE SITE—All data are plotted when 
total number of samples is less than 8.
Bar refers to more than one sample with 
the same apparent CFC age
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Figure 11.  Distribution of apparent chlorofluorocarbon (CFC) age of water in shallow aquifer system 
at the Naval Weapons Station Yorktown, Virginia, March 1997. Uncertainties in apparent CFC age 
range from 0.4 to 4.1 years.
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Binary Mixtures of Water

Some of the samples from the discharge area set-
ting are interpreted, using the ratios of the CFCs, to 
represent a binary mixture of young (less than 50 
years) and old (greater than 50 years) waters. Plummer 
and Busenberg (1999) describe a method for identify-
ing binary ground-water mixtures based on the ratios of 
CFC-11/CFC-12 and CFC-113/CFC-12. These ratios 
have changed over time in response to the varying input 
of the individual CFCs into the atmosphere. Binary 
mixtures of young and old waters are readily identifi-
able by the disparity between the apparent ages esti-
mated for the individual CFCs. For example, the 
apparent CFC recharge dates for well 58G57 (N3) are 
1976 and 1966 for CFC-113 and CFC-12, respectively 
(table 4). The distribution of these recharge dates, as 
described in Plummer and Busenberg (1999), indicates 
that the sample represents a binary mixture of young 
water that was recharged after 1976 and old water that 
was recharged prior to 1966. The presence of mixed 
waters in the discharge areas is expected because flow 
lines generally converge in these settings and the poten-
tial for convergence increases in the lower reaches.

Position within the shallow aquifer system is an 
important criterion in determining whether the water 
sample represents plug flow or a binary mixture. Well 
58G57 (N3) is the farthest site sampled in the Cornwal-
lis Cave aquifer downgradient of the ground-water 
divide. The measured concentrations of CFC-113 and 
CFC-12 indicate that the binary mixture in the sample 
from this well contains between 10 and 20 percent of 
water recharged in the past 21 years. The remainder of 
the water in the mixture was recharged before 31 years 
ago. Evaluation of the ratio of CFC-11/CFC-12 indi-
cates that the measured concentrations of CFC-11 have 
been modified by sorption or degradation processes, 
which are described later in the report. The actual 
apparent age of the young fraction in well 58G57 (N3) 
is unknown; but the interpretation that the young frac-
tion was recharged less than 21 years ago is within the 
range of apparent CFC ages (1 to 14 years) determined 
for the samples from springs. The actual apparent age 
of the old fraction is also unknown; the old fraction, 
however, could represent water recharged prior to the 
introduction of CFCs into the atmosphere (greater than 
50 years) based on the position of well 58G57 (N3) 
within the shallow aquifer system. The stable seasonal 
fluctuation of ground-water temperatures in this well of 
0.2°C, as measured by Brockman and others (1997), 

indicates that enough time has elapsed after recharg
for the ground water to equilibrate with the temperatu
of the aquifer sediments.

The sample from well 58F99 (B2), which is fin-
ished in the Yorktown-Eastover aquifer, also appears
represent a binary mixture of water (table 4). The 
assumption that the young fraction in this well was 
recharged in the past 14 years seems unlikely becau
the Yorktown confining unit is relatively thick at well 
cluster B. Evaluation of the ratio of CFC-113/CFC-12
suggests that the measured concentrations of CFC-1
have been modified by contamination during samplin
or as an artifact of the well drilling process.

Vertical Distribution of Apparent CFC Ages

The vertical distribution of apparent CFC ages 
indicates that, in the recharge area setting, ground 
water becomes progressively older with depth (fig. 13
The apparent absence of mixed waters in the rechar
area setting indicates that ground-water movement is
by piston or plug flow downward in response to the re
atively steep vertical hydraulic gradients between aq
fers. Cluster I is located at a ground-water divide 
(Brockman and others, 1997) where the vertical 
hydraulic gradient between the water table and the ba
of the Yorktown-Eastover aquifer is nearly 3.5 times 
greater than those at the other clusters shown on fig
13. Clusters E and H are located downgradient from t
ground-water divides.

The thickness of the geohydrologic units and th
ratio of horizontal to vertical hydraulic conductivity 
(Kh/Kv) also are important controls on the vertical dis
tribution of ages. The thicknesses of the different geo
hydrologic units vary greatly and the ratio of Kh/Kv 
ranges from 6:1 to greater than 56,000:1, with the lo
est ratios occurring in the aquifers and the highest 
occurring between the Cornwallis Cave aquifer and t
Yorktown confining unit (fig. 13). The distribution of 
these ratios indicates that a majority of the downward
flow of ground water moves laterally away from the 
divides. Sufficient recharge is available, however, to 
move young water down to relatively deep depths 
(nearly 120 ft below land surface).

The vertical distribution of apparent CFC ages 
depicted on figure 13 represents the time interval of t
initial stages of ground-water flow along a subregion
flow path. Water-level mapping by Brockman and oth
ers (1997) shows that ground water flows away from
well clusters E, H, and I. The age of ground water, 
Apparent Chlorofluorocarbon Age of Ground Water   29
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therefore, should increase downward and outward as 
the distance from the ground-water divides increases. 
Apparent ages that are greater than 40 years, however, 
approach the limits of CFC-based dating and compli-
cate the identification of whether a sample represents 
piston flow or a binary mixture. The apparent CFC 
ages that are greater than 40 years (fig. 13) were deter-
mined with the assumption of piston flow because the 
measured concentrations of CFC-11 and CFC-12 yield 
similar ages, and CFC-113 was not detected in these 
samples (table 4). The absence of CFC-113 in these 
water samples is consistent with recharge prior to 1955, 
when CFC-113 was introduced (Plummer and Busen-
berg, 1999).

The Cornwallis Cave and Yorktown confining 
units in the recharge area setting tend to retard ground-
water movement between aquifers. The maximum dif-
ference in apparent CFC ages between the base of the 
Columbia aquifer and the base of the Cornwallis Cave 
aquifer is 32 years (fig. 13), whereas the differences in 
apparent CFC ages between the base of the Cornwallis 
Cave aquifer and the upper parts of the Yorktown-East-
over aquifer at well clusters H and I are 24 and 4 years, 
respectively. The vertical distribution of apparent CFC 
ages indicates that ground-water movement between 
aquifers is somewhat retarded by the confining units, 
but the elapsed time is relatively short (generally less 
than 35 years), as evidenced by the presence of CFCs at 
depth. The vertical distribution of apparent CFC ages is 
consistent with the conceptual model of Brockman and 
others (1997) where the confining units in the shallow 
aquifer system are considered to be leaky.

As in the recharge area setting, the vertical distri-
bution of apparent CFC ages in samples from wells 
located in the discharge area setting also increases with 
depth. The assumption of plug flow is valid for some 
parts of the shallow aquifer system in the discharge 
area setting. The apparent ages determined for samples 
from wells finished in the Cornwallis Cave aquifer at 
well clusters B and G (fig. 14) are young and similar to 
the ages determined for samples located at the base of 
the Columbia aquifer in the recharge area setting. This 
similarity in apparent ages suggests that water in the 
Cornwallis Cave aquifer at well clusters B and G did 
not originate from the recharge area setting where well 
clusters E, H, and I are located; the similarity in ages 
can be explained by the presence of local flow systems 
in the discharge area setting. CFC-based dating indi-
cates that a majority of the samples from wells and 
springs in the discharge area setting could be inter-

preted as piston or plug flow, which further confirms 
the presence of local flow systems in the shallow aqu
fer system at the Station.

The major difference between the two geohydr
logic settings is the occurrence of mixed waters in th
discharge area setting, as indicated by the CFC ratio
The occurrence of mixed waters is expected becaus
flow lines from the local and subregional flow system
generally converge in discharge areas. The vertical 
hydraulic gradients are less than those in the recharg
area setting and can be upward rather than downwa
as illustrated at cluster G (fig. 14). The earlier discus
sion of N2-Ar recharge temperatures for the spring 
samples indicated that flow can be shallow and that 
recharge occurred between the point of discharge an
where the Columbia aquifer sediments become unsa
urated. The relatively high excess air concentration f
well 58G57 (N3) (4.37 cm3/L) indicates that the old 
fraction of the mixture could have originated from an
area where the seasonal water-level fluctuations are
large (recharge area setting). The presence of samp
that represent both piston flow and mixtures of young
and old waters, diminished and reversed vertical hea
gradients, and multiple origins of recharge in the dis-
charge area setting suggests that both local and sub
gional flow systems compose the shallow aquifer 
system at the Station under Lackey Plain.

Well cluster F is located in a unique discharge 
area beneath the Croaker flat where the Yorktown-Ea
tover aquifer is unconfined and both the Columbia an
Cornwallis Cave aquifers are absent (Brockman and
others, 1997). The vertical head gradient between we
58G52 (F3) and 58F51 (F2) is practically nonexisten
(0.002 ft/ft). The relatively young apparent age (6 
years) determined for the sample from well 58G52 (F
is a function of the shallow depth (8 ft) below the wate
table of the screened interval (fig. 14). On the basis o
water-level mapping, Brockman and others (1997) su
gest that recharge to well 58G52 (F3) probably occu
in proximity to the well. The low vertical head gradien
and high Kh/Kv ratio of 1,500:1 in this area results in 
lateral flow of water towards the York River in the 
upper parts of the Yorktown-Eastover aquifer. The re
tively old apparent age (44 years old) that was deter-
mined for the sample from 58G51 (F2) is the result o
ground-water movement along a deep flow path. The
apparent ages of the water from these two wells are 
nificantly different although these wells intercept the 
same equipotential line. The absence of mixed wate
Apparent Chlorofluorocarbon Age of Ground Water   31



32    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia 

m

CLUSTER G

CLUSTER N

-100

75

50

25

SEA
LEVEL

-25

-50

-75

FEET

CLUSTER B

CLUSTER F

LACKEY PLAIN

CROAKER
 FLAT

EXPLANATION

COLUMBIA AQUIFER

CORNWALLIS CAVE AQUIFER

YORKTOWN-EASTOVER AQUIFER

CONFINING UNIT

58F100
(B3)

WELL NUMBER

APPARENT CFC AGE--In years

VERTICAL HYDRAULIC GRADIENT—Arrow
denotes direction of flow.  In feet per foot

0.13

0.003

0.002

0.001

0.19

0.12

0.004

0.01

WATER TABLE

SCREEN INTERVAL

<14
>35

6±1.6

MIXED WATERS—Upper number is maximum
possible age of the young fraction.  Lower 
number is minimum possible age of the old 
fraction.  In years

<21
>31

58F100
(B3) 6±1.6

<14
>35

58F110
(G3) 9±1.1

58G57
(N3)

58G52
(F3)

6±1.8

58G51
(F2) 44±2.1

58F109
(G2) ND

58F108
(G1) ND

58G56
(N2) ND

58G55
(N1) ND

58G50
(F1) ND

58F98
(B1) ND

58F99
(B2)

0.13

APPARENT CFC AGE NOT DETERMINED—
Sample was not collected.

ND

58F101
(B4) ND

58F111
(G4) ND

58G58
(N4) ND

58G53
(F4) ND

m

m

Figure 14.   Vertical distribution of apparent chlorofluorocarbon (CFC) ages for well clusters B, 
G, N, and F located in the discharge area setting on the Naval Weapons Station Yorktown, 
Virginia, March 1997.
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at well cluster F indicates that ground-water recharge to 
the Columbia and Yorktown-Eastover aquifers beneath 
the Croaker flat predominantly originates within the 
areal extent of this particular geomorphic feature on the 
Station.

Limitations of CFC-Based Dating

Apparent age determinations using the CFC-
based technique for ground water recharged between 
the mid- to late-1990s are extremely sensitive to uncer-
tainties in estimates of recharge temperature (Plummer 
and Busenberg, 1999). For ground water recharged 
prior to 1990, apparent CFC age uncertainties generally 
are less than 3 years for an uncertainty of ±2°C in 
recharge temperature (Plummer and Busenberg, 1999). 
In order to minimize uncertainty, the recharge tempera-
ture estimated for a particular sample site was used in 
the age determination rather than an average or median 
value for the entire Station. The uncertainties in appar-
ent CFC ages presented in table 4 were calculated by 
adjustment of the recharge temperature by ±2°C. Sam-
ples containing water recharged prior to 1990 had 
apparent CFC age uncertainties that ranged from 0.4 to 
2.4 years, whereas samples containing waters 
recharged since 1990 had uncertainties that ranged 
from 1.6 to 4.1 years.

Additional processes can affect the transport of 
CFCs in ground water and thereby modify the apparent 
age determinations. Plummer and Busenberg (1999) 
identify 10 such processes. Review of the CFC anal-
yses (table 4) indicates that some of these processes 
have affected the samples collected during this study. 
Sorption of CFCs to sediments and organic matter and 
biodegradation of the CFCs can decrease the concen-
trations of CFCs in ground water. This decrease results 
in the apparent age determined from measured concen-
trations of one CFC appear to be older than the ages 
determined from the other CFCs (fig. 15). CFC-11 and 
CFC-113 are more susceptible to sorption and biodeg-
radation processes than CFC-12 (Plummer and Busen-
berg, 1999). Column experiments conducted by 
Ciccioli and others (1980) indicate that transport 
through ground or pulverized limestone caused signifi-
cant sorption of CFC-11 and CFC-113. Water samples 
from the Cornwallis Cave aquifer frequently yield dif-
ferent apparent ages from the measured concentrations 
of each individual CFC. This disparity may be attrib-
uted to sorption of CFC-11 and CFC-113 to shell mat-
erial in this aquifer. For example, spring 58FS3 (6-1) 

discharges from the Cornwallis Cave aquifer, and the
apparent CFC ages are 18.5±1.8, 10.5±2.3, and 10±
years from CFC-11, CFC-12, and CFC-113, respec-
tively. The abundance of shell material in the shallow
aquifer system (especially the Cornwallis Cave aquife
and organic matter in the soil zone may enhance sor
tion primarily of CFC-11 and occasionally of CFC-113
(table 4). In anoxic environments, CFC-11 and CFC-
113 are more susceptible to microbial degradation th
CFC-12 (Plummer and Busenberg, 1999).

Apparent ages of water from springs sampled i
the more urbanized parts of the Station frequently 
could not be determined by CFC-based dating becau
calculated CFC atmospheric partial pressures for the
samples were greater than modern (1997) CFC atmo
spheric mixing ratios. The elevated concentrations o
CFCs in the water indicate that sources other than th
atmosphere have introduced CFCs into the ground-
water system. Sewage effluent, for example, common
contains elevated concentrations of CFCs (Plummer
and Busenberg, 1999). The five sites for which the 
apparent ages could not be determined (58FS5 (13-
58FS6 (15-1), 58FS10(20-1), 58FS11 (20-4), and 
58FS13 (20-9)) are identified as “contaminated” in 
table 4 and figure 12. The term “contaminated” is 
applied here only relative to the CFC-based method f
ground-water dating, which is based on extremely lo
atmospheric ratios (measured in parts per trillion by 
volume), and the unit of measure for the water samp
is approximately equivalent to parts per quadrillion. 
The elevated concentrations of CFCs identified in the
water at the five sites generally are less than 0.05µg/L.

Comparison of Apparent CFC Ages with 
Tritium Concentrations

The concentration of 3H in ground water at the 
Station in March 1997 ranged from below the USGS
reporting limit of 0.3 to 15.9 TU with a median value o
10.8 TU (table 5). Tritium concentrations have simila
ranges and median values for the different geohydro
logic units with the lowest concentrations present in th
water samples from the Yorktown-Eastover aquifer. 
Samples from springs tended to have higher 3H con-
centrations than those from wells. Ranges in 3H con-
centrations for the recharge and discharge area setti
are similar.

Precise dating of ground water by means of 3H is 
difficult because of five factors: (1) radioactive decay
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Figure 15.   Variations in apparent chlorofluorocarbon (CFC) recharge date of ground water grouped by sample 
characteristics.
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Sample
location

Number
of sites

Tritium
(pCi/L)

Tritium
2 sigma

error
(pCi/L)

Tritium
(TU)

Tritium
2 sigma

error
(TU)

Columbia aquifer 6 26.0-45.0
(38.5)

2.6-3.2
(2.6) 

8.1-14.1
(12.0)

0.8-1.0
(.8)

Cornwallis Cave 
confining unit

3 27.0-36.0 1.9-2.6 8.4-11.3 .6-.8

Cornwallis Cave 
aquifer

16 <1.0-51.0
(36.0)

1.0-5.1
(2.9) 

<0.3-15.9
(11.3)

.3-1.6
(.9)

Yorktown-Eastover 
aquifer

5 <1.0-31.0
(<1.0)

1.0-1.9
(1.0) 

<.3-9.7
(<.3) 

.3-.6
(.3)

Wells 14 <1.0-48.0 1.0-3.2
(1.9) 

<.3-15.0
(9.8)

.3-1.0
(.6)

Springs 16 26.0-51.0
(35.5)

1.9-5.1
(2.9)

8.1-15.9
(11.1) 

.6-1.6
(.9)

Recharge area setting 8 <1.0-45.0
(23.0)

1.0-3.2
(1.8)

<.3-14.1
(7.2) 

.3-1.0
(.6)

Discharge area
setting

22 <1.0-51.0
(34.5)

1.0-5.1
(2.6) 

<.3-15.9
(10.8) 

.3-1.6
(.8)

Shallow aquifer
system

30 <1.0-51.0
(34.5)

1.0-5.1
(2.6) 

<.3-15.9
(10.8) 

.3-1.6
(.8)

Table 5 .  Range and median values for tritium concentrations in ground water 
on the Naval Weapons Station Yorktown, Virginia, March 1997.

[All tritium concentrations are reported for March 1997. Median values in parenthesis if sufficient 
number of sites available to calculate. pCi/L, picocuries per liter; TU, tritium units, <, less than]
of initial 3H levels, (2) latitudinal effects, (3) seasonal 
variations of 3H concentrations in precipitation, (4) 
variation in 3H concentrations with distance from the 
ocean, and (5) the series of spikes for the 3H precipit-
ation input function (Dunkle and others, 1993; Plum-
mer and others, 1993). Tritium concentrations, how-
ever, can be useful to refine the apparent CFC ages by 
comparing the measured concentration in ground water 
sampled in March 1997 to the 3H input function. The 
3H input function (fig. 16) was reconstructed for the 
Station using the geographic distribution and historical 
3H concentrations from a national network of USGS 
precipitation stations (Michel, 1989). The initial 3H 
concentrations were adjusted to account for radioactive 
decay to the time of the sampling period (March 1997) 
by use of a modified version of the radioactive decay 
law (Coplen, 1993) and given as

where At is the activity or concentration at time t, Ao is 

initial activity, and t1/2 is the half-life of 3H (12.43 
years). A plot of 3H concentration and apparent CFC 
recharge date determined for each sample with the 

adjusted 3H input function for the Station is shown on 
figure 16. The apparent recharge date determined w

CFCs and the measured 3H concentration for a major-
ity of the samples correspond to the expected 3H con-
centration on the 3H input curve. Plummer and 
Busenberg (1999) suggest that the tritium/helium-3 
dating method (Schlosser and others, 1988; Solomo
and others, 1992) could be used to date the young fr
tion of binary mixtures if the older fraction of water 
was recharged prior to the bomb peak in 1963.

The 3H concentrations for water samples from 
the Yorktown-Eastover aquifer are low because 
recharge occurred prior to sufficient input of 3H from 
the atmospheric testing of thermonuclear weapons. 
Natural 3H concentrations from cosmogenic sources 
were estimated to range from 2 to 8 TU (Thatcher, 
1962); after adjustment for radioactive decay, these 
concentrations would range from 0.2 to 0.6 TU in 
March 1997. The high 3H concentrations in the water 
samples from the springs and other sites in the dis-
charge area setting are a result of high initial 3H con-
centrations after the bomb peak, which were not 
substantially reduced by radioactive decay because 

2/1/693.0 tt
ot eAA −= (1)
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Figure 16.   Relation between apparent chlorofluorocarbon recharge date and tritium concentration in ground 
water and in precipitation (from Michel, 1989) at the Naval Weapons Station Yorktown, Virginia. Tritium 
concentrations in precipitation are decayed to March 1997. Uncertainties in apparent chlorofluorocarbon 
recharge dates range from 0.4 to 4.1 years.
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elapsed time was short (generally less than 10 years) 
since the water was recharged.

Relation to Water-Quality Field Properties

Water-quality field properties are highly variable 
for ground water with apparent CFC ages less than 15 
years but have similar ranges for ground water with 
apparent ages greater than 15 years (fig. 17). The 
apparent wide ranges in water-quality field properties 
(table 6) for the different geohydrologic units and set-
tings are the result of interaction of water with the sedi-
ments along local and subregional flow paths and the 
relative position of the sample sites within these flow 
systems. The young waters represent the local flow 
systems where: (1) biochemical and chemical reactions 
are actively weathering the sediments of the shallow 
geohydrologic units and (2) the potential for contami-
nants to be introduced from near-surface sources is 
high. The older apparent CFC ages in the deepest geo-
hydrologic units indicate longer residence times along 
subregional flow paths during which the ground water 
chemically equilibrates with the sediments in these 
units. 

pH

Water in the Columbia aquifer is acidic with pH 
values between 4.8 and 6.9, predominantly less than 
6.0. Water in the remaining geohydrologic units is 
slightly acidic or more likely alkaline in response to the 
abundance of shell material. The upper parts of the 
shallow aquifer system contain waters with low values 
of pH because of (1) acidic precipitation, (2) short resi-
dence times as interpreted from the young apparent 
CFC ages, (3) lack of neutralizing capacity of the 
quartz-rich sediments, and (4) presence of dissolved 
carbon dioxide (CO2) gas.

The pH of water increases with decreasing  
(partial pressure of CO2) in the shallow aquifer system 
(fig. 18). The CO2 gas reacts with the water molecule to 
form carbonic acid (H2CO3), which dissolves shell 
material in the shallow aquifer system (especially sedi-
ments of the Cornwallis Cave aquifer). Dissolution 
reactions tend to consume H2CO3, which causes the pH 
to rise. The upper or shallow parts of the recharge and 
discharge area settings on the Station are open systems 
where the pH values are low and the  values are 
high (fig. 18). Parts of the recharge area setting below 

the Columbia aquifer likely are closed systems for 
which the supply of CO2 is small and the supply of 
H2CO3 is quickly depleted.

Specific Conductance

The specific conductance of ground water in th
shallow aquifer system on the Station ranges from 40
960 µS/cm with a median value of 438 µS/cm (table 6
The lowest values of specific conductance were mea
sured in water samples from the Columbia aquifer. T
extremely dilute water in the Columbia aquifer is a 
result of an abundance of minerals (silicates) in the 
aquifer sediments that tend to be resistant to chemic
weathering. The remaining geohydrologic units prima
rily consist of soluble minerals (calcite and aragonite
and have high values for specific conductance, which
consistent with the composition of the sediments 
within these units. The dissolution of shell material 
causes the specific conductance to increase as a res
of an increase in the concentration of dissolved spec
in solution. Comparison of apparent CFC ages and 
results of specific conductance measurements indica
that the dissolution of shell material is likely a rela-
tively rapid process (fig. 17). The variability of ranges
and median values of specific conductance between 
recharge and discharge area settings is partly related
the availability of . The dissolution reactions in 
the geohydrologic units below the Columbia aquifer i
the recharge area setting are moderated because th
supply of CO2 is depleted, which is typical of subre-
gional flow systems. The opposite is true in the uppe
parts of the discharge area setting, especially for 
springs, where the supply of CO2 is abundant in the 
open system and dissolution of shell material can pro
ceed until equilibrium or even supersaturated states 
achieved.

Analysis of specific conductance values mea-
sured at well 58F100 (B3) and spring 58FS1 (2-1) 
appears to contradict the concept of increasing conc
tration of dissolved constituents in ground water alon
a flow path as the residence time increases. When th
position of well 58F100 (B3) within the local flow sys
tem is considered, however, the sample is consisten
with this concept; only when compared to the entire 
data set does it appear to be contradictory. The time
travel can be as important as the length of the flow 
path. The low value of specific conductance and high
pH at spring 58FS1 (2-1) illustrate the importance of
understanding the effect of geochemical processes o

PCO2

PCO2

PCO2
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Figure 17.   Relation between apparent chlorofluorocarbon age and pH (A), specific conductance (B), dissolved oxygen (C), 
and water temperature (D) of ground water in March 1997 at the Naval Weapons Station Yorktown, Virginia. Uncertainties in 
apparent chlorofluorocarbon age range from 0.4 to 4.1 years.
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Sample
location

Number
of sites

Water
temperature

(°C)

Dissolved
oxygen
(mg/L)

pH
(Standard

units)

Specific
conductance

(µS/cm)

Columbia aquifer 6 10.2-16.0
(13.6)

0.3-2.8
(1.0)

4.8-6.9
(5.3)

40-378
(54)

Cornwallis Cave 
confining unit

3 11.1-14.3 2.2-7.5 6.5-7.0 343-525

Cornwallis Cave aquifer 16 10.8-17.9
(15.0)

0.0-9.3
(2.9)

6.4-7.7
(6.9)

208-960
(516)

Yorktown-Eastover 
aquifer

5 15.3-15.9 .0-7.2
(.0)

6.2-7.2
(7.2)

249-495
(408)

Wells 14 13.8-16.3
(15.5)

.0-7.2
(.1)

4.8-7.6
(7.0)

40-960
(422)

Springs 16 10.2-17.9
(13.3)

.6-9.3
(2.9)

5.3-7.7
(6.9)

54-730
(486)

Recharge area setting 8 13.8-16.3 .0-2.7
(.1)

4.8-7.6
(7.1)

40-498
(399)

Discharge area setting 22 10.2-17.9
(14.8)

.0-9.3
(2.9)

5.3-7.7
(6.9)

54-960
(477)

Shallow aquifer system 30 10.2-17.9
(14.9)

.0-9.3
(2.3)

4.8-7.7
(6.9)

40-960
(438)

Table 6 .  Range and median values for water-quality field properties of ground water 
on the Naval Weapons Station Yorktown, Virginia, March 1997.

[Median values in parenthesis if sufficient number of sites available to calculate; °C, degrees Celsius; 
mg/L, milligrams per liter; µS/cm, microsiemens per centimeter at 25 degrees Celsius]
the concentration of dissolved constituents. Knowledge 
of the ground-water-flow system and the geochemical 
processes is critical in interpreting trends in hydrologic 
and water-quality data, and in estimating apparent ages 
of ground water. 

The interaction of young waters that contain an 
abundant supply of CO2 with the shell material in the 
Cornwallis Cave aquifer probably contributes to the 
formation of (1) travertine and tufa deposits and (2) 
subsidence sinkholes or collapse features on the Sta-
tion. Burmester (1987) and Burkhart and Autrey (1993) 
discuss the occurrence and hydrochemistry of traver-
tine deposits in the Coastal Plain of Virginia. These 
deposits occur at springs and seeps where ground water 
contains high concentrations of calcium carbonate 
from the dissolution of shell material in the Moore 
House member of the Yorktown Formation (Hubbard 
and Herman, 1990; Herman and Hubbard, 1990). This 
geologic formation is the unit that comprises the Corn-
wallis Cave aquifer. Travertine deposits occur where 
ground water discharges from the Cornwallis Cave 
aquifer on the Station, especially in the upper parts of 
the aquifer. Abundant travertine deposits occur at 
spring 58FS1 (2-1), which had the lowest  (0.002 
atm) and highest pH (7.7) values of the water samples 

from the Cornwallis Cave aquifer (fig. 18). These val-
ues for  and pH, when combined with the low 
value for specific conductance (208 µS/cm), indicate
that outgassing of CO2 is occurring at this spring. 
Lorah and Herman (1990) suggest that outgassing o
CO2 causes a rapid rise in pH, and ground water 
becomes supersaturated with respect to calcite. The
abundance of travertine deposits along the seepage f
adjacent to spring 58FS1 (2-1) and the low specific 
conductance indicate that initial precipitation of calcit
occurs prior to discharge at the spring. Excavation du
ing sampling indicated that the travertine deposits 
extended at least 3 to 5 ft into the seepage face. Tra
tine deposits form small waterfalls (generally less tha
2 ft high) along streams on the Station. The turbulen
flow of streams over these falls causes increased CO2 
outgassing, which in turn causes additional precipit-
ation of calcite (Lorah and Herman, 1990).

Formation of subsidence sinkholes or collapse
features on the Station, especially in the discharge a
setting, is initiated by the dissolution of shell materia
in the Cornwallis Cave aquifer from the circulation of
young ground water through these sediments. The p
ence of the travertine and tufa deposits indicates tha
these dissolution reactions are occurring in the shallo

PCO2

PCO2
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Figure 18.   Relation between partial pressure of carbon dioxide and pH in ground water 
at the Naval Weapons Station Yorktown, Virginia, March 1997.
aquifer system on the Station. Chemical removal of the 
shell material can create void spaces within the aquifer. 
The potential for preferential flow along these void 
spaces can facilitate additional erosion of aquifer mate-
rial. As more material is removed, the weight of the 
overlying material causes the collapse feature to form.

Dissolved Oxygen 

The upper parts of the shallow aquifer system at 
the Station tend to be oxic environments. One would 
expect dissolved oxygen concentrations in the Colum-
bia aquifer in the recharge area setting to be high in 
response to shallow depths to the water table and rela-
tively young apparent ages. The highest dissolved oxy-

gen concentrations, however, occur in the springs. T
dissolved oxygen saturation concentration of precipit
ation at the Station is approximately 10 mg/L at the 
mean annual air temperature of 14.6°C. As ground 
water moves through the flow system, biochemical an
chemical reactions involving organic material and ox
dizable minerals deplete dissolved oxygen in ground
water (Hem, 1985). The high dissolved oxygen conce
trations in the springs sampled during this investigatio
(table 6), especially in the Cornwallis Cave confining
unit, indicate:

1. Ground water discharging at springs has fol-
lowed a short or local flow path over a short 
time period (less than 15 years).
40    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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2. The point of recharge may be between the 
recharge and discharge area settings.

3. Preferential flow along voids associated with 
changes in the aquifer matrix by chemical 
and/or physical processes or fracturing associ-
ated with slope instability reduces the time of 
travel and the surface area for biochemical 
and chemical reactions to occur.

Dissolved oxygen concentrations in the deeper 
aquifers beneath the recharge area settings generally 
are low. The occurrence of iron bacteria and the precip-
itation of iron in seeps along the base of the aquifers in 
the discharge areas are consistent with low dissolved 
oxygen concentrations in ground water. Dissolved oxy-
gen concentrations are depleted by up to an order of 
magnitude between the Columbia and Cornwallis Cave 
aquifers in the recharge area settings. Results of CFC-
based dating are consistent with geochemical evolution 
of water in which dissolved oxygen is consumed within 
a period of about 15 years.

APPLICATION OF APPARENT CFC AGES 
TO GEOHYDROLOGY OF THE STATION

The apparent CFC ages determined for the wells 
and springs sampled during this investigation can be 
used to constrain the wide range of hydraulic parame-
ters that are assumed to be valid for the shallow aquifer 
system at the Station. Advective transport rates are fre-
quently estimated from these hydraulic parameters 
through calculations of time of travel of ground water. 
The apparent CFC ages also can be used to estimate 
ground-water recharge rates to the shallow aquifer sys-
tem.

Comparison of Apparent CFC Ages to
Calculated Ranges in Time of Travel

The extent of the Columbia aquifer is contiguous 
to the extent of the recharge area setting at the Station, 
with the dominant direction of ground-water flow 
being downward through intervening confining units, 
recharging the underlying Cornwallis Cave and York-
town-Eastover aquifers (Brockman and others, 1997). 
The time required for ground water to move downward 
from the water table to a given depth in the aquifer is 
calculated from hydraulic parameters for the shallow 
aquifer system. These calculated travel times may be 

compared to the apparent ages derived from environ
mental tracers such as CFCs. Solomon and others 
(1992) and Reilly and others (1994) noted that the ve
tical velocity of ground water at the water table is a 
function of the recharge rate and the porosity and giv
as

where v is vertical velocity, R is recharge rate, and θ is 
porosity. The time of travel for vertical movement from
the water table to a point at a given depth is a functio
of the depth and the vertical velocity as

where t is time of travel and d is depth.
Richardson (1994) estimated that the average 

ground-water discharge from geohydrologic units in 
the Coastal Plain of Virginia ranged from 0.66 to 
0.93 ft/yr, and averaged 0.82 ft/yr (9.8 in/yr) for the 
entire Coastal Plain. Assuming that the average 
ground-water discharge equals the average ground-
water recharge, over the span of a year, recharge in 
vicinity of the Station is estimated to be about 0.82 ft
yr. The range of porosity (0.25 to 0.45) was estimate
from methods that use median grain size (D50) and spe-
cific yield derived from grain-size analyses of core 
samples (Johnson, 1967). The calculated ranges in ti
of travel, based on these parameter estimates, are g
in table 7. The apparent CFC ages are slightly older 
than the ranges in time of travel calculated for the six
shallow wells examined (fig. 19). Three of the wells 
(58F106 (E4), 58F116 (H4), and 58F121 (I4)) are 
screened in the Columbia aquifer, and three (58F99 
(B3), 58F110 (G3), and 58G57 (N3)) are screened in
unconfined parts of the Cornwallis Cave aquifer, whe
the overlying Columbia aquifer is missing. The slightl
older apparent CFC ages may indicate that the avera
annual ground-water recharge at the Station is less th
the 0.82 ft/yr estimated by Richardson (1994).

The process by which dissolved substances ar
transported by the bulk motion of ground-water flow i
referred to as advection. Because of advection, cons
vative environmental tracers (like CFCs) that are dis-
solved in ground water are transported at the rate of 
average linear velocity of the water (Freeze and Cher
1979). To calculate average linear velocity requires 

v R
θ
---=

t d
v
--- d θ⋅

R
----------= =

(2)

(3)
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Well number
Well

depth
(feet)

 Depth to 
water table 

(feet)

 Depth below 
water table 
of center of 
well screen 

(feet)

Range of 
porosity 
(dimen-

sionless)

Range of 
estimated 

time of 
travel 

(years)

Apparent 
CFC age 
(years)

58F106 (E4) 24 7.7 13.3 0.25-0.45 4.0-7.3 10±2.0

58F116 (H4) 24 12.9 7.9 .25-.45 2.4-4.3 6±3.2

58F121 (I4) 22 2.3 16.7 .25-.45 5.1-9.1 12±1.7

58F99 (B3) 37 29.3 4.5 .25-.45 1.4-2.5 6±1.6

58F110 (G3) 42 30.7 8.3 .25-.45 2.5-4.5 9±1.1

58G57 (N3) 57 37.0 16.8 .25-.45 5.1-9.2 121±

Table 7 .  Calculated range of travel time for six shallow wells based on estimated 
recharge rate and ranges of porosity and the apparent chlorofluorocarbon age at 
the Naval Weapons Station Yorktown, Virginia

[Recharge rate is 0.825 feet/year; CFC, chlorofluorocarbon]

1 CFC analyses indicate that water represents a possible mixture of different age waters. The apparent CFC age presented 
is the oldest possible age of the young fraction.
knowledge of the effective porosity of an aquifer. 
Lohman (1972) noted

where  is average linear velocity, K is horizontal 
hydraulic conductivity, dh/dl is hydraulic gradient, and 
θ is effective porosity.

Average linear velocity may range from less than 
to more than the actual velocity between two points in 
the aquifer (Lohman, 1972). The time of travel for hor-
izontal movement from the water table to a point a 
given distance downgradient is a function of the dis-
tance traveled and the average linear velocity

where t is time of travel and l is length of flow.
Time of travel was calculated for hydrologic 

basins contributing to springs sampled on the Station. 
The basins were delineated from the water-level maps 
presented in Brockman and others (1997), and travel 
distances were assumed to be the maximum distance 
between the springs and the edge of their contributing 
basins. For velocity calculations in the hydrologic 
basins, the hydraulic gradient was estimated from 
water-level maps (Brockman and others, 1997), and the 
effective porosity was assumed to range from 0.25 to 
0.45. Based on the estimated hydraulic gradients, 

assumed porosity ranges, and horizontal hydraulic c
ductivity values from slug tests, ground-water-flow 
rates range from a low of 0.3 ft/yr to a high of 350 ft/y
The calculated ranges in time of travel, based on the
estimated parameters, are given in table 8.

Spatial and seasonal differences in water level
will cause changes in head and, thus, velocity and 
direction of flow. Seasonal changes in water levels ge
erally will be small because velocities are generally 
low. Spatial differences in water levels, however, can 
substantial. Because the rate of ground-water flow is
controlled by hydraulic conductivity, hydraulic grad-
ient, and effective porosity, variations in these para-
meters will result in changes in the average linear ve
city. 

The apparent CFC ages of water from the sprin
on the Station range from 1 to 14 years. Of the 11 
springs examined (fig. 20), the apparent CFC ages o
springs lie within the range of calculated times of 
travel, 3 springs have apparent CFC ages slightly bel
(less than 6 years) the minimum calculated times of 
travel, and 1 spring (57FS1 (18-1)) has an apparent 
CFC age well below (66 years) the minimum calcu-
lated time of travel. These relatively young apparent 
ages indicate that shallow ground water recharged a
the water table in these small hydrologic basins mov
quickly to the spring discharges. These results have 
important implications with respect to estimates of 
ground-water flow and the transport of conservative 
contaminants that are based upon reasonable range
geotechnical and hydraulic parameters. As evidence

v
K

dh
dl
------–

θ
--------------=

v

t l
v
--=

(4)

(5)
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Figure 19.   Relation of apparent chlorofluorocarbon age and range of calculated time of travel 
for ground water from six shallow wells at the Naval Weapons Station Yorktown, Virginia, 
March 1997. Horizontal error bars represent uncertainty in apparent chlorofluorocarbon 
ages and vertical error bars represent uncertainty in range of calculated time of travel.
by the apparent CFC ages for spring discharges, calcu-
lated travel times can be up to two orders of magnitude 
greater than the actual observed for a transient environ-
mental tracer.

Estimated Ground-Water-Recharge Rates 
Based on Apparent CFC Age

Ground-water dating techniques can be used to 
estimate ground-water recharge rates. For instance, 
Robertson and Cherry (1989) used the depth of the 3H 
bomb peak to approximate the ground-water recharge 
rate in a shallow unconfined sand aquifer. This method 
assumes uniform downward flow through the aquifer, 
which is analogous to a plug flow model. Because 
apparent CFC ages represent a continuum of time since 
the mid-1940s, they can provide a better approximation 
of recharge rates in more diverse geohydrologic envi-
ronments than the 3H bomb peak. Ground-water 
recharge rates for the shallow aquifer system at the Sta-
tion are estimated by rearranging equation 3 as

where d is depth to the center of the screened interval, θ 

is the median porosity (0.35), and t is the assigned 
apparent CFC age. Recharge rates were not calcula
for wells 58F99 (B2) and 58G57 (N3) because the CF
analysis indicated that water samples from these we
represent mixtures and the assumption of plug flow, 
therefore, is not valid. The calculated recharge rates
range from 0.29 to 0.89 ft/yr with a median value of 
0.54 ft/yr; this value is lower than the recharge rate 
estimated by Richardson (1994) of 0.82 ft/yr, which 
represents the integration of multiple recharge rates 
over a large drainage area as measured by a single 
streamflow-gaging station. The use of a uniform poro
ity (0.35) in the estimation of recharge rates based o
the apparent CFC ages can be a major source of diff
ence in estimated recharge rates. Another possible 
source of uncertainty in the calculation of recharge 
rates is the apparent CFC ages. The uncertainty in 
recharge rates associated with the apparent CFC ag
uncertainties is less than ±0.20 ft/yr for all of the well
but one. The uncertainty in the estimated recharge ra
for well 58F116 (H4), with an apparent CFC age unce
tainty of 3.2 yrs, is ±0.57 ft/yr. Discrepancies in esti-
mates of recharge rates derived from different metho
therefore, are to be expected.

The relatively flat landscape of the recharge are
setting in the Lackey Plain and Croaker flat at the Sta

R d θ⋅
t

----------= (6)
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Spring 
number

Estimated 
hydraulic
gradient 
(feet/feet)

Maximum 
hydrologic 

basin
length
(feet)

Range of 
horizontal
hydraulic

conductivity 
(feet/day)

Range of 
estimated

time of
travel

(years)

Apparent
CFC
age

(years)

57FS1 (18-1) 0.014 1,400 0.03-0.9 76-4,100 10±0.4

58FS1 (2-1) .027 1,110 .3-9 3.1-170 6±.8

58FS2 (5-1) .054 460 .03-.9 6.5-350 9±.5

58FS3 (6-1) .016 830 .3-9 3.9-210 10±.9

58FS4 (12-1) .016 1750 .3-9 8.3-450 4±1.0

58FS7 (16-2) .045 590 .03-.9 10-540 9±1.4

58FS8(19-1) .003 390 .4-8 11-400 12±.6

58FS9 (19-3) .007 770 .4-8 9.4-340 15±1.3

58FS12 (20-8) .008 660 .3-9 6.3-340 3±.4

58GS1 (A-2) .006 1,270 .3-9 16-870 10±1.3

58GS2 (8-1) .019 1,040 .4-8 4.7-170 7±2.1

Table 8 .  Calculated range of travel time to 11 springs based on estimated 
hydraulic gradient, maximum basin length, ranges of horizontal hydraulic 
conductivities and porosities, and the apparent chlorofluorocarbon age at 
the Naval Weapons Station Yorktown, Virginia

[Porosity ranges from 0.25 to 0.45; CFC, chlorofluorocarbon]
tion is more conducive to ground-water recharge than is 
the highly dissected landscape with steep valleys of the 
discharge area setting, where overland and subsurface 
runoff (interflow) are increased. The cross-sectional 
area of the different geohydrologic units decreases as 
the distance from the ground-water divides increases, 
which further reduces the available volume of the aqui-
fer where recharge can occur.

The relation between recharge rates and seasonal 
water-level fluctuations also varies depending on geo-
hydrologic setting (fig. 21). Recharge causes greater 
seasonal water-level fluctuations for sites in the 
recharge area setting than those for sites in the dis-
charge area setting. For example, wells 58F121 (I4) 
and 58G52 (F3) have similar recharge rates (0.51 and 
0.57 ft/yr, respectively), but the seasonal water-level 
fluctuation in well 58F121 (I4) is nearly 6.5 times 
larger than the fluctuation in well 58G52 (F3). The 
relation between the amount of recharge and the mag-
nitude of seasonal fluctuation is not only a result of 
geohydrologic setting but also of factors such as the 
heterogeneity and anisotropy (Kh/Kv) of the aquifer 
sediments, distance from the discharge outlet, and land 
use.

Revised Conceptual Model of Ground-
Water Flow

The analysis of apparent CFC ages confirms th
validity of the conceptual model of ground-water flow
in the shallow aquifer system of the Station proposed
by Brockman and others (1997). The revised concep
tual model of ground-water flow presented in figure 2
adds the dimension of time. The age of ground wate
increases downward and outward as the distance fro
the ground-water divides increases. Young ground 
water (less than 50 years) is present in the upper pa
of the Yorktown-Eastover aquifer in the recharge are
setting. The vertical distribution of apparent CFC age
indicates that ground-water movement between aqu
fers is somewhat retarded by the confining units, but
the elapsed time is relatively short (generally less tha
35 years), as evidenced by the presence of CFCs at
depth. Convergence of flow lines from local and sub-
regional flow systems occurs in the discharge areas,
and the binary mixtures identified by CFC-based datin
indicate that flow lines converge not only at the actua
point of discharge, but also in the subsurface (for exa
ple, well 58G57 (N3)). The analysis of N2-Ar recharge 
temperatures indicates that discharge from springs d
ing the seasonal high of the water levels in the shallo
aquifer system has followed a short and probably sh
low flow path. The assumption of piston or plug flow 
44    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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Figure 20.  Relation of apparent chlorofluorocarbon age and calculated time of travel for ground water from 
11 springs at the Naval Weapons Station Yorktown, Virginia, March 1997. Errors in apparent 
chlorofluorocarbon age range from 0.4 to 4.1 years.
seems valid for the springs, at least for that time of the 
year that the springs were sampled. The fact that binary 
mixtures were not identified by CFC-based dating sug-
gests that the springs sampled during this study repre-
sent flow from a local system.

STUDY IMPLICATIONS FOR 
REMEDIATION ACTIVITIES 

The findings of this study support the geohydro-
logic framework and the conceptualization of the shal-
low aquifer system at the Station developed by 
Brockman and others (1997). The determination and 
evaluation of the apparent age of ground water add the 
dimension of time to the three-dimensional framework 
of Brockman and others (1997). The findings from this 
study can be applied to ongoing remediation and engi-
neering activities at the Station and the adjacent area. 

Additionally, these findings also have implications for
other areas within the Coastal Plain of Virginia. McFa
land (1997) reported similar ranges of apparent CFC
ages in a highly dissected area of the upper Coastal
Plain along the James River. Similar age distribution
in the shallow aquifers of both the upper and lower 
Coastal Plain indicate that the shallow ground-water-
flow system in a particular area is directly related to th
landscape or geomorphic setting of that area and co
tributes to the development of the present-day land-
scape.

The occurrence of subsidence sinkholes and 
other collapse features on the Station is related to in
action of young ground water with shell material in th
Cornwallis Cave aquifer. The relation between appar
ent age and field water-quality properties indicates th
dissolution of the shell material in the Cornwallis Cav
aquifer is relatively rapid and ongoing. Therefore, ren
ovation and new construction projects on the Station
Study Implications for Remediation Activities   45
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Figure 21.   Relation between estimated recharge rate based on apparent 
chlorofluorocarbon age in March 1997 and annual water-level fluctuations at the Naval 
Weapons Station Yorktown, Virginia. Porosity for all wells is assumed to be 35 percent. 
Distance from ground-water divides increases to the right between clusters. Wells 
within a cluster are plotted from shallow to deep.
and the nearby adjacent area may require geotechnical 
investigation to assess the potential effects of subsid-
ence in these areas. Numerous slope stabilization struc-
tures have been constructed on the Station. Future 
structures in areas underlain by the Cornwallis Cave 
aquifer could be designed to eliminate or minimize the 
effects of ground-water sapping. In both of the cases 
described above, the maps constructed by Brockman 
and others (1997) can be used as a guide for planning 
future engineering activities at the Station.

Analysis of apparent CFC ages will benefit 
remediation strategies and activities at the Station. The 
apparent ages determined from this study can be used 
to estimate rates of advective transport. The analysis 
also indicates that (1) these rates of transport vary 
depending upon geohydrologic setting and position 
within the ground-water-flow system; (2) the rate of 

transport and fate of contaminants in the local and su
regional flow systems may be completely different; an
(3) flow in the upper parts of the shallow aquifer sys-
tem can be rapid and extremely sensitive to seasona
and climatic effects, which could cause temporal var
tions in the distribution of contaminants at the Station

Organic compounds, like trichloroethylene 
(TCE), have been detected in the subsurface at the S
tion (Baker Environmental, Inc., and Roy F. Weston, 
Inc., 1993) and the transport and fate of these com-
pounds are a major concern of the Station. The rate-
limiting factor in the reductive dehalogenation of TCE
is the accumulation of vinyl chloride. Reductive deha
logenation of TCE occurs in anaerobic environments
whereas conversion of vinyl chloride to CO2 requires 
the addition of oxygen (Chapelle, 1993). If a sufficien
microbial community is present, it is feasible that TC
46    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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NOT TO SCALE

EXPLANATION
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FLOW PATH—Circles represent 10-year
increments. 
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Figure 22.   Revised conceptual model of ground-water flow at the Naval Weapons 
Station Yorktown, based on apparent chlorofluorocarbon ages of ground water in 
March 1997.
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will degrade along a long, deep flow path within either 
a local or subregional flow system. Concentrations of 
dissolved oxygen decrease with increasing depth and 
apparent age of the ground water. Mixing of young 
ground water containing abundant oxygen from the 
upper parts of the shallow aquifer system with old 
water could provide the mechanism for the conversion 
of vinyl chloride to CO2. The identification during this 
study of mixed waters at some distance away from the 
point of discharge may indicate that sufficient time 
would be available for this conversion to occur. The 
scenario described above is dependent upon the loca-
tion of a contaminated site in the shallow aquifer sys-
tem at the Station. Potential remediation activities on 
the Station can be evaluated in the light of potential 
rates of advective transport at various locations in the 
ground-water-flow system as determined by the appar-
ent CFC ages.

The apparent age determinations and estimated 
ground-water recharge rates can be used as calibration 
criteria in simulations of ground-water flow on the Sta-
tion to refine and constrain future ground-water-flow 
models of the shallow aquifer system. Apparent CFC 
ages illustrate that seemingly valid assumptions of 
hydraulic parameters can result in substantial overesti-
mates for time of travel calculations. Realistic simu-
lation results will aid in the evaluation of remediation 
alternatives such as pump-and-treat technologies. Sol-
ute transport modeling, based on these flow simu-
lations, can be used to estimate the transport and fate of 
contaminants in the ground water.

SUMMARY

The USGS, in cooperation with the Naval Weap-
ons Station Yorktown, Base Civil Engineer, Environ-
mental Directorate, has been investigating the shallow 
aquifer system on the 10,624-acre installation in York-
town, Va., since 1995. This report presents the data and 
findings of a 1-year study using multi-tracer methods to 
estimate apparent chlorofluorocarbon (CFC) ages of 
ground water. The report (1) defines the apparent CFC 
age of ground water in the shallow aquifer system, (2) 
compares apparent CFC ages with water-quality field 
properties and calculated times of travel, and (3) pre-
sents estimates of ground-water recharge rates. CFCs, 
tritium (3H), dissolved gases, stable isotopes, and 
water-quality field properties were measured in sam-
ples from 14 wells and 16 springs in March 1997.

Two environmental tracers—CFCs and 3H—
were used to determine the apparent age of ground 
water of the shallow aquifer system on the Station. 
CFC-based dating was the primary method for dating
ground water in this study, and the concentrations of 3H 
in ground water were used to confirm the apparent CF
age determinations. Recharge temperatures, estima
from dissolved nitrogen (N2) and argon (Ar) concentra-
tions in ground water, range from 5.9°C to 17.3°C wit
a median temperature of 10.9°C. Concentrations of 
excess air vary depending upon geohydrologic settin
(recharge and discharge areas). Water samples from
springs and wells located in the discharge area settin
have low values of excess air, whereas wells located
the recharge area setting have high values. The δ18O 
values range from -7.2 to -5.5‰ and δD values range 
from -41.2 to -29.7‰. Deuterium excess (d) ranges 
from 13.3 to 16.8‰ with a median value of 14.8‰ fo
the Station. Precipitation generally is highest in the 
summer months, yet the N2-Ar recharge temperatures 
and stable isotope data indicate that ground-water 
recharge predominantly occurs in the cold months of
the year.

Apparent CFC ages range from 1 to 48 years 
with a median age of 10 years. The oldest apparent 
ages occur in the upper parts of the Yorktown-Eastov
aquifer, whereas the youngest apparent ages occur 
samples from the Columbia aquifer and the upper pa
of the discharge area setting, especially springs. The
vertical distribution of apparent CFC ages indicates 
that ground-water movement between aquifers is som
what retarded by the leaky confining units, but the 
elapsed time is relatively short (generally less than 3
years), as evidenced by the presence of CFCs at de
The assumption of plug or piston flow applies in the 
recharge area setting on the Station, but only applies
parts of the shallow aquifer system in the discharge 
area setting, where binary mixtures of young and old
waters were identified. Convergence of flow lines 
occurs not only at the actual point of discharge, but al
occurs in the subsurface as evidenced by CFC-base
dating.

The concentration of 3H in ground water ranges 
from below the USGS laboratory minimum reporting 
limit of 0.3 to 15.9 TU with a median value of 10.8 TU
The CFC-based recharge dates are consistent with 
expected 3H concentrations. Tritium concentrations in
samples from wells finished in the upper parts of the
Yorktown-Eastover aquifer are indicative of ground 
48    Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia
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water recharged prior to atmospheric testing of thermo-
nuclear weapons. Spring samples have high 3H concen-
trations as a result of high initial 3H levels after the 
“bomb peak” in 1963 and the short time that has 
elapsed since the water was recharged.

Water-quality field properties for ground water 
with apparent CFC ages less than 15 years are highly 
variable because of geochemical processes within local 
flow systems. Ground water with apparent CFC ages 
greater than 15 years represents subregional flow sys-
tems where field properties tend to be stable. Ground 
water in the Columbia aquifer is acidic and dilute, 
whereas ground water in the remaining geohydrologic 
units is slightly acidic to alkaline with high values of 
specific conductance in response to dissolution of shell 
material. The formation of travertine and tufa deposits 
along streams on the Station and the development of 
subsidence sinkholes and collapse features are prob-
ably related to the circulation and interaction of young 
water with the shell material in the Cornwallis Cave 
aquifer. The upper parts of the shallow aquifer system 
at the Station tend to be oxic environments, whereas 
deeper parts generally are anoxic. High concentrations 
of dissolved oxygen in springs are related to flow of 
young ground water along short or local flow paths.

The apparent CFC ages are slightly older than 
the range in time of travel calculated for shallow wells 
sampled during this study, which may indicate that the 
average annual ground-water recharge at the Station is 
less than the 0.82 ft/yr estimated by Richardson (1994). 
Calculated travel times to springs can be up to two 
orders of magnitude greater than the determined appar-
ent CFC ages. Reasonable assumptions of values for 
hydraulic parameters can result in substantial overesti-
mates for time of travel for springs. The relatively 
young apparent ages (less than 15 years) indicate that 
shallow ground water recharged at the water table in 
small hydrologic basins moves quickly to the spring 
discharges. CFC-based recharge rates range from 0.29 
to 0.89 ft/yr with an average value of 0.54 ft/yr. 
Recharge causes greater seasonal water-level fluctua-
tions for sites in the recharge area setting than for sites 
located in the discharge area setting.

The analysis of apparent CFC ages confirms the 
validity of the conceptual model of ground-water flow 
in the shallow aquifer system underlying the Station 
proposed by Brockman and others (1997). The revised 
conceptual model of ground-water flow adds the 
dimension of time. The findings from this study can be 
applied to ongoing remediation activities at the Station 

and adjacent areas. The apparent CFC ages can be 
to estimate rates of advective transport, refine and co
strain future ground-water-flow models of the shallow
aquifer system, and aid in the evaluation of remediati
alternatives such as pump-and-treat technologies.
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